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ACTUATOR

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims benefit under 35 U.S.C. 119(e) to
U.S. Provisional Application No. 61/359,595, filed Jun. 29,
2010, which is incorporated by reference herein in its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an actuator that may form
part of a lithographic apparatus.

2. Background Art

A lithographic apparatus is a machine that applies a desired
pattern onto a substrate, usually onto a target portion of the
substrate. A lithographic apparatus can be used, for example,
in the manufacture of integrated circuits (ICs). In that
instance, a patterning device, which is alternatively referred
to as a mask or a reticle, may be used to generate a circuit
pattern to be formed on an individual layer of the IC. This
pattern can be transferred onto a target portion (e.g., compris-
ing part of, one, or several dies) on a substrate (e.g., a silicon
wafer). Transfer of the pattern is typically via imaging onto a
layer of radiation-sensitive material (resist) provided on the
substrate. In general, a single substrate will contain a network
of adjacent target portions that are successively patterned.

Lithography is widely recognized as one of the key steps in
the manufacture of ICs and other devices and/or structures.
However, as the dimensions of features made using lithogra-
phy become smaller, lithography is becoming a more critical
factor for enabling miniature IC or other devices and/or struc-
tures to be manufactured.

A theoretical estimate of the limits of pattern printing can
be given by the Rayleigh criterion for resolution as shown in
the following equation:

A
CD =k +—
NA

where A is the wavelength of the radiation used, NA is the
numerical aperture of the projection system used to print the
pattern, k,; is a process dependent adjustment factor, also
called the Rayleigh constant, and CD is the feature size (or
critical dimension) of the printed feature. It follows from
equation (1) that reduction of the minimum printable size of
features can be obtained in three ways: by shortening the
exposure wavelength A, by increasing the numerical aperture
NA or by decreasing the value of k;.

In order to shorten the exposure wavelength and, thus,
reduce the minimum printable size, it has been proposed to
use an extreme ultraviolet (EUV) radiation source. EUV
radiation is electromagnetic radiation having a wavelength
within the range of 5-20 nm, for example within the range of
13-14 nm, for example within the range of 5-10 nm such as
6.7 nm or 6.8 nm. Possible sources include, for example,
laser-produced plasma sources, discharge plasma sources, or
sources based on synchrotron radiation provided by an elec-
tron storage ring.

EUV radiation may be produced using a plasma. A radia-
tion system for producing EUV radiation may include a laser
for exciting a fuel to provide the plasma, and a source collec-
tor module for containing the plasma. The plasma may be
created, for example, by directing a laser beam at a fuel, such
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as particles of a suitable material (e.g., tin), or a stream of a
suitable gas or vapor, such as Xe gas or Li vapor. The resulting
plasma emits output radiation, e.g., EUV radiation, which is
collected using a radiation collector. The radiation collector
may be a mirrored normal incidence radiation collector,
which receives the radiation and focuses the radiation into a
beam. The source collector module may include an enclosing
structure or chamber arranged to provide a vacuum environ-
ment to support the plasma. Such a radiation system is typi-
cally termed a laser produced plasma (LPP) source.

It is usually necessary to move a substrate within a litho-
graphic apparatus. The substrate may for example be moved
from a substrate storage location to a location where the
substrate may be patterned by the lithographic apparatus. An
actuator may be used to move the substrate. One or more
motors may be provided within the actuator. The one or more
motors may generate contamination.

It may be desirable to reduce the likelihood that the con-
tamination travels from the motor to a substrate, or to some
other location in the lithographic apparatus.

According to afirstaspect of the invention there is provided
an actuator comprising a first part and a second part, the first
part being configured to move relative to the second part,
wherein a labyrinth seal is provided between the first part and
the second part, the labyrinth seal being configured to restrict
the flow of gas from a first side of the labyrinth seal to a
second side of the labyrinth seal, wherein one or more inlets
and one or more outlets are provided within the labyrinth seal,
the one or more inlets being configured to provide gas to a
location within the labyrinth seal and the one or more outlets
being configured to remove at least part of the gas from a
location within the labyrinth seal.

According to a second aspect of the invention there is
provided a method of sealing an actuator using a labyrinth
seal, the method comprising introducing gas into the laby-
rinth seal via one or more inlets connected to a location within
the labyrinth seal, and removing gas from the labyrinth seal
via one or more outlets connected to a location within the
labyrinth seal.

Further features and advantages of the invention, as well as
the structure and operation of various embodiments of the
invention, are described in detail below with reference to the
accompanying drawings. It is noted that the invention is not
limited to the specific embodiments described herein. Such
embodiments are presented herein for illustrative purposes
only. Additional embodiments will be apparent to persons
skilled in the relevant art(s) based on the teachings contained
herein

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will now be described, by
way of example only, with reference to the accompanying
schematic drawings in that corresponding reference symbols
indicate corresponding parts, and in which:

FIG. 1 depicts a lithographic apparatus according to an
embodiment of the invention;

FIG. 2 shows the lithographic apparatus of FIG. 1 in more
detail,

FIG. 3 shows an articulated arm of the lithographic appa-
ratus according to an embodiment of the invention;

FIG. 4 shows a differential seal of the articulated arm
according to an embodiment of the invention;

FIG. 5 shows part of the differential seal of FIG. 4 in more
detail; and
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FIG. 6 shows a differential seal according to an alternative
embodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION

FIG. 1 schematically depicts a lithographic apparatus 100
according to one embodiment of the invention. The apparatus
comprises:

an illumination system (illuminator) IL. configured to con-
dition a radiation beam B (e.g., EUV radiation).

a support structure (e.g., a mask table) MT constructed to
support a patterning device (e.g., a mask or a reticle) MA
and connected to a first positioner PM configured to
accurately position the patterning device;

a substrate table (e.g., a wafer table) WT constructed to
hold a substrate (e.g., a resist-coated wafer) W and con-
nected to a second positioner PW configured to accu-
rately position the substrate; and

aprojection system (e.g., a reflective projection system) PS
configured to project a pattern imparted to the radiation
beam B by patterning device MA onto a target portion C
(e.g., comprising one or more dies) of the substrate W.

The illumination system may include various types of opti-
cal components, such as refractive, reflective, magnetic, elec-
tromagnetic, electrostatic or other types of optical compo-
nents, or any combination thereof, for directing, shaping, or
controlling radiation.

The support structure M T holds the patterning device MA
in a manner that depends on the orientation of the patterning
device, the design of the lithographic apparatus, and other
conditions, such as for example whether or not the patterning
device is held in a vacuum environment. The support structure
can use mechanical, vacuum, electrostatic or other clamping
techniques to hold the patterning device. The support struc-
ture may be a frame or a table, for example, which may be
fixed or movable as required. The support structure may
ensure that the patterning device is at a desired position, for
example with respect to the projection system.

The term “patterning device” should be broadly interpreted
as referring to any device that can be used to impart a radiation
beam with a pattern in its cross-section such as to create a
pattern in a target portion of the substrate. The pattern
imparted to the radiation beam may correspond to a particular
functional layer in a device being created in the target portion,
such as an integrated circuit.

The patterning device may be transmissive or reflective.
Examples of patterning devices include masks, program-
mable mirror arrays, and programmable LCD panels. Masks
are well known in lithography, and include mask types such as
binary, alternating phase-shift, and attenuated phase-shift, as
well as various hybrid mask types. An example of a program-
mable mirror array employs a matrix arrangement of small
mirrors, each of which can be individually tilted so as to
reflect an incoming radiation beam in different directions.
The tilted mirrors impart a pattern in a radiation beam that is
reflected by the mirror matrix.

The projection system, like the illumination system, may
include various types of optical components, such as refrac-
tive, reflective, magnetic, electromagnetic, electrostatic or
other types of optical components, or any combination
thereof, as appropriate for the exposure radiation being used,
or for other factors such as the use of a vacuum. It may be
desired to use a vacuum for EUV radiation since gases may
absorb too much radiation. A vacuum environment may
therefore be provided to the whole beam path with the aid of
a vacuum wall and vacuum pumps.
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As depicted here, the apparatus is of a reflective type (e.g.,
employing a reflective mask).

The lithographic apparatus may be of a type having two
(dual stage) or more substrate tables (and/or two or more
mask tables). In such “multiple stage” machines the addi-
tional tables may be used in parallel, or preparatory steps may
be carried out on one or more tables while one or more other
tables are being used for exposure.

Referring to FIG. 1, the illuminator IL receives an extreme
ultraviolet (EUV) radiation beam from the source collector
module SO. Methods to produce EUV radiation include, but
are not necessarily limited to, converting a material into a
plasma state that has at least one element, e.g., xenon, lithium
or tin, with one or more emission lines in the EUV range. In
one such method, often termed laser produced plasma
(“LPP”) the required plasma can be produced by irradiating a
fuel with a laser beam. Fuel may for example be a droplet,
stream or cluster of material having the required line-emitting
element. The source collector module SO may be part of an
EUYV radiation system including a laser, not shown in FIG. 1,
for providing the laser beam that excites the fuel. The result-
ing plasma emits output radiation, e.g., EUV radiation, which
is collected using a radiation collector located in the source
collector module. The laser and the source collector module
may be separate entities, for example when a CO, laser is
used to provide the laser beam for fuel excitation. In such
cases, the laser is not considered to form part of the litho-
graphic apparatus, and the radiation beam is passed from the
laser to the source collector module with the aid of a beam
delivery system comprising, for example, suitable directing
mirrors and/or a beam expander. In other cases the source may
be an integral part of the source collector module, for example
when the source is a discharge produced plasma EUV gen-
erator, often termed as a DPP source.

The illuminator IL. may comprise an adjuster for adjusting
the angular intensity distribution of the radiation beam. Gen-
erally, at least the outer and/or inner radial extent (commonly
referred to as o-outer and o-inner, respectively) of the inten-
sity distribution in a pupil plane of the illuminator can be
adjusted. In addition, the illuminator IL. may comprise vari-
ous other components, such as facetted field and pupil mirror
devices. The illuminator may be used to condition the radia-
tion beam, to have a desired uniformity and intensity distri-
bution in its cross-section.

The radiation beam B is incident on the patterning device
(e.g., mask) MA, which is held on the support structure (e.g.,
mask table) MT, and is patterned by the patterning device.
After being reflected from the patterning device (e.g., mask)
MA, the radiation beam B passes through the projection
system PS, which focuses the beam onto a target portion C of
the substrate W. With the aid of the second positioner PW and
position sensor PS2 (e.g., an interferometric device, linear
encoder or capacitive sensor), the substrate table WT can be
moved accurately, e.g., so as to position different target por-
tions C in the path of the radiation beam B. Similarly, the first
positioner PM and another position sensor PS1 can be used to
accurately position the patterning device (e.g., mask) MA
with respect to the path of the radiation beam B. Patterning
device (e.g., mask) MA and substrate W may be aligned using
mask alignment marks M1, M2 and substrate alignment
marks P1, P2.

The depicted apparatus could be used in at least one of the
following modes:

1. In step mode, the support structure (e.g., mask table) MT
and the substrate table WT are kept essentially stationary,
while an entire pattern imparted to the radiation beam is
projected onto a target portion C at one time (i.e., a single
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static exposure). The substrate table WT is then shifted in the
X and/orY direction so that a different target portion C can be
exposed.

2.Inscanmode, the support structure (e.g., mask table) MT
and the substrate table WT are scanned synchronously while
a pattern imparted to the radiation beam is projected onto a
target portion C (i.e., a single dynamic exposure). The veloc-
ity and direction of the substrate table WT relative to the
support structure (e.g., mask table) MT may be determined by
the (de-)magnification and image reversal characteristics of
the projection system PS.

3. In another mode, the support structure (e.g., mask table)
MT is kept essentially stationary holding a programmable
patterning device, and the substrate table WT is moved or
scanned while a pattern imparted to the radiation beam is
projected onto a target portion C. In this mode, generally a
pulsed radiation source is employed and the programmable
patterning device is updated as required after each movement
of the substrate table WT or in between successive radiation
pulses during a scan. This mode of operation can be readily
applied to maskless lithography that utilizes programmable
patterning device, such as a programmable mirror array of a
type as referred to above.

Combinations and/or variations on the above described
modes of use or entirely different modes of use may also be
employed.

FIG. 2 shows the apparatus 100 in more detail, including
the source collector module SO, the illumination system IL,
and the projection system PS. The source collector module
SO is constructed and arranged such that a vacuum environ-
ment can be maintained in an enclosing structure 220 of the
source collector module SO.

A laser LA is arranged to deposit laser energy via a laser
beam 205 into a fuel, such as xenon (Xe), tin (Sn) or lithium
(Li) that is provided from a fuel supply 200, thereby creating
a highly ionized plasma 210 with electron temperatures of
several 10’s of eV. The energetic radiation generated during
de-excitation and recombination of these ions is emitted from
the plasma, collected and focussed by a near normal inci-
dence collector optic CO.

Radiation that is reflected by the collector optic CO is
focused in a virtual source point IF. The virtual source point
IF is commonly referred to as the intermediate focus, and the
source collector module SO is arranged such that the inter-
mediate focus IF is located at or near an opening 221 in the
enclosing structure 220. The virtual source point IF is an
image of the radiation emitting plasma 210.

Subsequently the radiation traverses the illumination sys-
tem IL. The illumination system IL. may include a facetted
field mirror device 22 and a facetted pupil mirror device 24
arranged to provide a desired angular distribution of the radia-
tion beam 21 at the patterning device MA, as well as a desired
uniformity of radiation intensity at the patterning device MA.
Upon reflection of the beam of radiation 21 at the patterning
device MA, a patterned beam 26 is formed and the patterned
beam 26 is imaged by the projection system PS via reflective
elements 28, 30 onto a substrate W held by the substrate table
WT.

More elements than shown may generally be present in the
illumination system I[. and projection system PS. Further,
there may be more mirrors present than those shown in the
Figures, for example there may be 1-6 additional reflective
elements present in the projection system PS than shown in
FIG. 2.

FIG. 3 shows schematically viewed from one side a sub-
strate handling robot 101 that forms part of the lithographic
apparatus shown in FIGS. 1 and 2. The substrate handling
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6

robot is used to transfer substrates W from a substrate holder
100 to the substrate table WT. The substrate handling robot
101 comprises an articulated arm 110 having an inner part
110a and an outer part 1105. The inner part 110a of the
articulated arm is rotatably mounted on a support 112. The
outer part 1105 of the articulated arm is rotatably mounted on
the inner part 110q of the articulated arm, thereby providing
an articulated connection 115 between the inner part of the
arm and the outer part of the arm.

In use, the articulated arm 110 is moved such that prongs
113 connected to the outer part 1105 are pushed beneath a
substrate W held in the substrate holder 100. The substrate W
is then removed from the substrate holder 100 by moving the
articulated arm 110. The articulated arm 110 is then used to
move the substrate W such that the substrate is located over
the substrate table WT. The articulated arm 110 then removes
the prongs 113 from beneath the substrate W, thereby allow-
ing the substrate to rest on the substrate table WT. Dashed
lines show the position of the articulated arm and the substrate
when the substrate is located over the substrate table WT.
Once the substrate W is resting on the substrate table W', the
substrate table is moved until the substrate W is located
beneath the projection system PS (see FIGS. 1 and 2), where-
upon a pattern is projected onto the substrate as described
further above.

Movement of the articulated arm 110 is achieved via rota-
tion of the inner part 110a of the arm about the support 112,
and via rotation of the outer part 1105 of the arm about the
inner part of the arm. Although only one articulated connec-
tion 115 is shown in FIG. 3 (between the inner part 110a and
the outer part 1105 of the articulated arm), more than one
articulated connection may be provided. For example, the
articulated arm may comprise an inner part, an outer part and
an intermediate part, the inner part being connected via an
articulated connection to the intermediate part, and the inter-
mediate part being connected via an articulated connection to
the outer part. Having more than one articulated connection
provides improved control of the movement of the outer arm,
thereby allowing improved control of the movement of the
substrate W.

The articulated arm 110 may be provided in a vacuum (for
example in an EUV lithographic apparatus), or some other
environment in that it is desirable to avoid contamination. A
motor (not shown) may be provided in the articulated con-
nection 115. The motor, which may be electrical, may give
rise to contamination such as particles of grease. It is desir-
able to prevent this contamination from entering the environ-
ment within which the articulated arm 110 is provided (or
reducing the likelihood of contamination entering that envi-
ronment).

FIG. 4 shows schematically in cross-section part of the
articulated connection 115 in more detail. A section of the
inner part 110a of the articulated arm is shown in FIG. 4,
together with a section of the outer part 1105 of the arm.
Rotation of the outer part 1105 of the articulated arm relative
to the inner part 1104 is achieved by operating a motor 120
that is provided within the articulated connection 115. A
bearing 121 is provided between the inner part 110a and the
outer part 1105 of the articulated arm. The bearing 121 is a
ring bearing, which extends around the articulated connection
115 and facilitates smooth rotation of the articulated connec-
tion. In addition, the bearing 121 maintains a desired separa-
tion in the z-direction between the inner part 110a and the
outer part 1105 of the articulated arm.

A labyrinth seal 130 is provided between the inner part
110a and the outer part 1105 of the articulated arm. The
labyrinth seal 130 may be formed from aluminium, some
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other metal, or any other suitable material. The labyrinth seal
130 isolates (or substantially isolates) the motor 120 from the
environment that surrounds the articulated arm 110. The laby-
rinth seal 130 thus reduces the likelihood that contamination
generated by the motor 120 (for example grease particles)
passes from the motor into the environment surrounding the
articulated arm 110. The labyrinth seal 130 comprises a series
of circular ridges 131a-j, which extend upwardly from a
lower annular base 133 provided in the outer part 1105 of the
articulated arm, and a series of circular ridges 132a-j, which
extend downwardly from an upper annular base 134 provided
in the inner part 110a of the articulated arm. For simplicity not
all of the circular ridges are labelled in FIG. 4. The circular
ridges 131a-j, 132a-j have complementary dimensions such
that all but one of the upwardly extending circular ridges
131a-i are received in spaces between downwardly extending
circular ridges 132a-j. Similarly, all but one of the down-
wardly extending circular ridges 1325-f are received in spaces
between upwardly extending circular ridges 131a-;.

Since the upwardly extending circular ridges 131« j, and
downwardly extending ridges 132a-j are circular, they may
rotate relative to one another. This allows the inner part 100a
and the outer part 1105 ofthe articulated arm to rotate relative
to one another.

Part of the labyrinth seal is shown in more detail in FIG. 5.
In FIG. 5 gaps between adjacent circular ridges are labelled
rather than the circular ridges. (This is to allow the gaps to be
identified without overcomplicating the figure.) Specific cir-
cular ridges that are referred to in this part of the description
may be identified by referring to FIG. 4.

Referring to FIG. 5, a gap 135a-s exists between each
adjacent circular ridge 131a-7, 132a-j. Each gap is narrow, for
example 200 microns or less, thus restricting the flow of the
gas through the gap. There are nineteen gaps in total in this
embodiment (other embodiments may have a different num-
ber of gaps). The flow restrictions provided by each gap are
added together to provide a cumulative flow restriction. This
cumulative flow restriction severely restricts the flow of gas
from inside the labyrinth seal to outside the labyrinth seal,
thereby providing a sealing effect.

The upwardly extending circular ridges 131a-j do not
extend as far as the upper annular base 134. Instead, a space
exists between the top of each upwardly extending circular
ridge 131a-d and the upper annular base 134. Similarly, the
downwardly extending circular ridges 132a-j do not extend as
far as the lower annular base 133. Instead, a space exists
between the bottom of the downwardly extending circular
ridges 132a-j and the lower annular base 133. The spaces that
exist between the ends of the circular ridges 131a-j, 132a-f
and the annular bases 133, 134 are significantly larger than the
gaps between adjacent circular ridges. Thus, the spaces do not
provide a significant contribution to the sealing effect pro-
vided by the labyrinth seal 130.

In an embodiment, the ridges may have a width of 2.82
mm, and a gap between adjacent ridges may for example be
3.18 mm. Thus, assuming that a ridge is centrally positioned
between two adjacent ridges, the gaps between adjacent ridge
surfaces may be 180 microns. A gap of 180 microns will
provide a significant restriction of the flow of gas.

In contrast to this, the space between the end of a ridge
131a-j,132a-j and an adjacent annular base 133, 134 may for
example be 0.5 mm or more, 1 mm or more, or 1.5 mm or
more. As mentioned above, the size of these spaces may be
such that the spaces do not provide a significant sealing effect.
The spaces do, however, provide scope for relative movement
in the z-direction of the inner part 110a and outer part 1105 of
the articulated arm 110, and thus allow a degree of tilting
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between the inner and outer part of the articulated arm. The
spaces may therefore allow an unwanted tilt of the substrate
W to be corrected, by allowing adjustments to be made to the
tilt of the outer part 1105 of the arm to relative to the inner part
110a of the arm (and vice versa). The spaces may also accom-
modate production tolerances arising during manufacture of
the labyrinth seal, such as centricity, flatness and height of the
circular ridges.

It may be seen from FIGS. 4 and 5 that the space between
the first upwardly extending circular ridge 131a and the upper
annular base 134 is greater than other equivalent spaces in the
labyrinth seal. This space is referred to hereafter as the initial
upper space 140. The initial upper space 140 receives gas
from a plurality of inlet channels 142 (only one of which is
shown in FIG. 5), which are connected to an internal reservoir
143 provided within the upper annular base 134. The internal
reservoir 143 is connected via a gas supply channel 144 to a
source of gas (not shown). The gas supply may for example
supply nitrogen or some other gas to the labyrinth seal. The
flow of gas through the channels 142, 144 and internal reser-
voir 143 is indicated schematically by arrows.

The internal reservoir 143 is annular in shape, and extends
around the labyrinth seal. The internal reservoir 143 thus acts
as a channel that carries gas from the gas supply channel 144
to the inlet channels 142.

Once gas has been delivered to the initial upper space 140
by the inlet channels 142, some of the gas passes through the
first gap 135a, i.e., between the first downwardly extending
circular ridge 132a and the first upwardly extending circular
ridge 131a. The inlet channels 142 may thus be said to be
connected to the first gap 135a (via the initial upper space
140). The gas that passes through the first gap 135a flows toa
gas outlet (not shown) that is connected to a pump (not
shown) used to pump gas from the labyrinth seal. The flow of
gas, which is indicated by arrows, inhibits contamination
from entering the labyrinth seal 130, since the contamination
is instead pumped from the labyrinth seal.

Some of the gas delivered to the initial upper space 140 by
the inlet channels 142 flows through the second gap 1355, i.e.,
between the first upwardly extending circular ridge 131a and
the second downwardly extending circular ridge 1325. The
inlet channels 142 may thus be said to be connected to the
second gap 1354 (via the initial upper space 140). The gas
then enters a lower space 147 that is connected to a plurality
of outlet channels 145 (only one of which is shown in FIG. 5).
The outlet channels 145 may be said to be connected to the
second gap 1354 via the lower space 147. The outlet channels
145 are connected to the gas outlet and the pump, which is
used to pump the gas from the labyrinth seal. The flow of gas,
which is indicated by an arrow, inhibits contamination from
entering the remainder of the labyrinth seal 130, since the
contamination is instead pumped from the labyrinth seal.

In an embodiment, not all of the gas is removed from the
labyrinth seal 130 by the pump. The remaining gas passes
through the third gap 135c¢, i.e., between the second down-
wardly extending circular ridge 1315 and the second
upwardly extending circular ridge 1325, and may continue to
travel through successive gaps along the length of the laby-
rinth seal. As explained further above, the narrowness of the
gaps is such that they restrict the flow of the gas. The cumu-
lative effect of the nineteen gaps of the labyrinth seal 130 may
be such that only a small amount gas exits the labyrinth seal.
This is shown schematically by a dashed arrow.

The length of the path travelled by the gas through the
labyrinth seal, together with the narrowness of the gaps 135a-
s, is such that the flow of gas out of the labyrinth seal is weak,
and is such that contamination is unlikely to escape from the
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labyrinth seal. Thus, the labyrinth seal 130 isolates (or sub-
stantially isolates) the environment surrounding the articu-
lated arm 110 from the motor 120, which is used to move the
articulated connection 115 of the arm. Use of the term ‘seal’
is not intended to mean that no gas escapes into the environ-
ment surrounding the articulated arm.

The initial upper space 140 provides buffering of the gas
delivered through the inlet channels 142, and thereby avoids
a large pressure drop at the exit of the inlet channels 142. The
lower space 147 similarly provides buffering that avoids a
large pressure drop at the entrance of the outlet channels 145,
which leads to the pump (not shown). By providing buffering
at the initial upper and lower spaces 140, 141, unwanted
circumferential flow of gas around the labyrinth seal 130 is
avoided.

FIGS. 4 and 5 show the labyrinth seal 130 in cross-section.
Consequently, they do not distinguish between a gap or other
opening that extends circumferentially around the labyrinth
seal, and a channel that does not extend circumferentially
around the labyrinth seal. Referring again to FIG. 5, the gaps
135a-s between the circular ridges 131a-j, 132a-j extend
around the labyrinth seal 130. Similarly, the spaces between
the circular ridges 131a-j, 132a-j and the annular bases 133,
134 extend around the labyrinth seal. As mentioned above,
the internal reservoir 143 is annular in shape and extends
around the labyrinth seal. In contrast to this, the inlet channel
142 that connects the internal reservoir 143 to the initial upper
gap 140 is not annular, but instead may be a bore that may, for
example, be circular in cross-section. A plurality of inlet
channels 142 may be distributed around the labyrinth seal
130, providing a plurality of connections between the internal
reservoir 143 and the initial upper gap 140. In an embodi-
ment, four or more inlet channels, eight or more inlet chan-
nels, or twelve or more inlet channels may be provided.

The channel 144 connects the gas supply (not shown) to the
internal reservoir 143 may also be a bore. Since this channel
has a relatively large cross-section, a single channel may be
sufficient to supply a required amount of gas to the internal
reservoir 143. More than one channel may be provided. The
outlet channel 145, which carries gas from the lower space
147 to the pump (not shown). may also be a bore that may for
example be circular in cross-section. A plurality of outlet
channels 145 may be distributed around the labyrinth seal
130, providing a plurality of connections between the lower
space 147 and the pump. In an embodiment, four or more
outlet channels, eight or more outlet channels, or twelve or
more outlet channels may be provided.

The speed of flow of gas through the first gap 1354 may
have an effect upon the contamination suppression, which is
provided by the labyrinth seal. A higher gas flow speed will
provide more effective limitation of contamination than a
lower gas flow speed, since it will reduce the likelihood of
contamination entering the labyrinth seal 130. Providing a
larger number of inlet channels 142 to the initial upper gap
140, or increasing the diameter of the channels, will increase
the gas flow and thus increase the contamination suppression
provided by the labyrinth seal. However, it is desirable to
avoid a large pressure drop at the initial upper gap 140, and a
larger number of inlet channels or larger inlet channel diam-
eter may cause a greater pressure drop. Thus, the number
and/or size of the inlet channels 142 may be a compromise
arising from the high gas flow provided by a large number
and/or size of inlet channels and the small pressure drop
caused by a small number and/or size of inlet channels. In an
embodiment twelve inlet channels 142 may be used, each
inlet channel having a diameter of 1.4 mm. In alternative
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embodiments, the number of inlet channels and the diameters
of the inlet channels may differ.

Although it may be desirable to avoid a pressure drop at the
initial upper gap 140 or initial lower gap 141, it is not essential
that a pressure drop is avoided.

As mentioned further above, a proportion of the gas that is
introduced via the inlet channels 142 is removed from the
labyrinth seal 130 by the pump (not shown) via the outlet
channels 145. Removing gas from the labyrinth seal is advan-
tageous because it allows a higher gas flow to be provided at
the first gap 135a (thereby providing stronger contamination
suppression), without that higher gas flow causing an unac-
ceptably high amount of gas to enter the environment sur-
rounding the articulated arm by passing from the final gap
1355 of the labyrinth seal.

Although the pump is connected to an outlet channel 145
and lower space 147 that are connected to the first and second
gaps 1354, b, the pump may be connected to one or more other
locations in the labyrinth seal. The pump may be connected to
the labyrinth seal such that it removes gas from the labyrinth
seal before that gas travels to the outside of the labyrinth seal.

In an embodiment, there may be the same number of inlet
channels 142 and outlet channels 145. In an embodiment, the
number of inlet channels 142 may be different to the number
of outlet channels 145.

The bearing 121 may for example be a barrel bearing.
Although only one bearing 121 is shown in FIG. 4, in other
embodiments more than one bearing may be used. It may be
desirable to use more than one bearing for example if the
moments of force that will be exerted on the articulated arm
110 are large.

The circular ridges 131a-j, 132a-j may include a degree of
tapering. This tapering may allow greater tilt correction to be
achieved than would be the case than if the tapering were not
present.

A maximum pressure that may exist in the environment of
the motor 120 may be determined by first calculating an
acceptable rate of leakage of gas into the environment sur-
rounding the articulated arm 110, and then determining what
pressure will give rise to that leak rate, taking into account the
path length of the labyrinth seal and the size of gaps between
adjacent circular ridges. In an embodiment, the vacuum in the
environment that surrounds the articulated arm 110 may have
a pressure of approximately 1 Pascal. The motor 120 within
the articulated arm 110 may be in an environment that has a
vacuum of around 4 millibars.

Although the above description refers to the labyrinth seal
130 forming part of an articulated arm 110, which is used to
move a substrate W, the labyrinth seal 130 may be provided in
other articulated connections. The labyrinth seal may be pro-
vided in an articulated arm that is configured to move a mask
or other patterning device, or indeed any other piece of appa-
ratus.

The labyrinth seal 130 is intended to limit the flow of gas
from one side of the seal to the other, and also the flow of
contamination from one side of the seal to the other. The
labyrinth seal is not intended to prevent all gas from flowing
from one side of the seal to the other, but merely to restrict the
flow of gas.

Inanembodiment, the labyrinth seal 130 may be connected
to apower supply 136, which is configured to electrostatically
charge the labyrinth seal. This will increase the likelihood that
contamination will be incident upon a surface of the labyrinth
seal and be retained by the labyrinth seal. Where this is done,
the upper and lower annular bases 133, 134 may be clectri-
cally isolated from other parts of the lithographic apparatus,
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in order to prevent for example the creation of earth loops
within the lithographic apparatus.

Itis not desirable for adjacent circular ridges 131a-f, 132a-f
to come into contact with one another, since this would be
likely to generate contamination. If the labyrinth seal 130 is
electrostatically charged, then electrical monitoring may be
used to detect contact between adjacent circular ridges. The
electrical monitoring may be used during assembly or testing
of'the labyrinth seal, and may be used during operation of the
lithographic apparatus. The electrical monitoring may for
example measure resistance or capacitance. Where capaci-
tance is measured, it may be possible to monitor the separa-
tion between adjacent circular ridges rather than only moni-
toring for contact between them.

From the point of view of the contamination suppression
and pressure isolation provided by the labyrinth seal 130, the
gaps 135a-s between adjacent circular ridges 131a-j, 132a-f
should be as small as possible. However, from an engineering
point of view, the smaller the gaps 135a-s the greater the
chance that the circular ridges will come into contact with one
another. From an engineering point of view, it may be pos-
sible to reliably provide gaps of as little as 50 microns
between adjacent circular ridges. However, it may be less
costly to provide larger gaps. Thus, the gaps may be 50
microns or greater, 100 microns or greater, 150 microns or
greater, or 200 microns or greater. These example gap sizes
may apply to embodiments of the invention other than that
shown in FIGS. 4 and 5.

To some extent, an increase of the gap width may be com-
pensated for by making the gap longer. However, although the
resistance to gas flow increases linearly with length, it
decreases to a higher power as the gap width increases. Thus,
avery large gap width might require a prohibitively long gap.

In addition to depending on the width of the gaps 135a-s
between adjacent circular ridges 131a-j, 132a-j, the effective-
ness of the labyrinth seal 130 will also depend on the total
length of all of the gaps that must be travelled in order to go
from one side of the labyrinth seal to the other side. This
length is referred to hereafter as the gap path-length. The
spaces between ends of circular ridges 131a-j, 1324-j and
annular bases 133, 134 do not provide a significant restriction
of the flow of gas, and thus are not included in the gap
path-length. In the illustrated embodiment of the invention,
there are nineteen gaps 135a-s through that gas must pass,
each gap having a length of approximately 10 mm. Thus, the
gap path-length of the labyrinth seal 130 is approximately
190 mm. Other embodiments of the invention may provide
other gap path-lengths, for example using less circular ridges
to reduce the gap path-length, or more circular ridges to
increase the gap path-length. Similarly, each circular ridge
may be made shorter to reduce the gap path-length, or longer
to increase the gap path length.

Although the labyrinth seal 130 of the embodiment of the
invention is provided between the inner part 110a and the
outer part 1105 of the articulated arm 110, the labyrinth seal
may be provided at other locations. For example, the laby-
rinth seal 130 may be provided between the support 112 and
the inner part 110q of the articulated arm 110.

An alternative embodiment of the invention is shown sche-
matically in FIG. 6. In this embodiment, a cavity (not visible)
is defined by an upper surface 300 and a lower surface 301.
The upper surface 300 is provided with two downwardly
extending ridges 302q,b at a left hand side and two down-
wardly extending ridges 302¢,d at a right hand side. Similarly,
the upper surface 301 is provided with two upwardly extend-
ing ridges 3034, b at alefthand side and two upwardly extend-
ing ridges 303c¢,d at a right hand side. The upwardly extend-
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ing ridges 303a-d are received in spaces between the
downwardly extending ridges 302a-d, thereby establishing a
labyrinth seal. The upper surface 300 may be supported by
bearings (not shown), which allow the upper surface to move
in the y-direction relative to the lower surface 301. Alterna-
tively or additionally, the lower surface 301 may be mounted
on bearings (not shown), which allow the lower surface to
move relative to the upper surface 300.

A motor or other apparatus (not shown) may be provided in
the cavity located between the upper surface 300 and the
lower surface 301. The ridges 302a-d, 303a-d may provide a
labyrinth seal that restricts the flow of gas from the cavity to
the environment surrounding the upper and lower surfaces
300, 301. The gap between the upper surface 300 and the
lower surface 301 may for example be around 200 microns.
This gap, in combination with the gap path length defined by
the ridges 302a-d, 303a-d may provide a differential seal
between the cavity and the environment surrounding the
upper and lower surfaces. Although only two upwardly
extending ridges and two downwardly extending ridges are
shown on either side of the surfaces 300, 301, more ridges
may be provided. For example, three or more ridges, five or
more ridges, or ten or more ridges may be provided on either
side of the surfaces.

In a central region 305 between the ridges 302a-d, 303a-d
no ridges are provided. Ridges are not provided in the central
region 305 because ridges that extend in a direct line of sight
from the cavity (in this case in the y-direction) would not
provide a sealing effect. This is because gas would not flow
over the ridges but would merely travel between them. Instead
of providing ridges at the central region 305, the central
region comprises a first flat surface 306 and a second flat
surface 307. The first and second flat surfaces 306, 307 are
separated for example by around 200 microns, and thus
restrict the flow of gas from the cavity. The effectiveness of
the flat surfaces 306, 307 in restricting the flow of gas is
determined by the gap between the flat surfaces and the path-
length of the flat surfaces. The gap may be 200 microns, and
the path-length may for example be 200 mm. The path-length
may be the same as or different to the path length travelled by
gas that passes over the ridges 302a-d, 303a-d. Thus, the flat
surfaces 306, 307 may provide a differential sealing effect
that is equal to or greater than that provided by the ridges.
Although the surfaces 306, 307 shown in FIG. 6 are flat, they
may be any suitable shape (for example they may be curved).

Gas may be supplied to the labyrinth seal shown in FIG. 6
in a manner that is equivalent to that described above in
relation to FIG. 5. For example, gas may be introduced above
innermost upwardly extending ridges 3035,c and may travel
into a first gap 310d,e defined by the upper surtace 300 and the
lower surface 301. Gas may be pumped out of the labyrinth
seal at the bottom of the first gap 310d,e. The gas may be
supplied via a plurality of inlet channels (not shown), and may
be pumped out of the labyrinth seal via a plurality of outlet
channels (not shown).

In the labyrinth seals shown in the illustrated embodi-
ments, the ridges that form the seals extend upwardly and
downwardly. In alternative embodiments, the ridges may
extend from left to right and from right to left. Indeed, the
ridges may have any orientation.

Cartesian coordinates are used in the figures for conve-
nience, and should not be interpreted as implying that the
apparatus illustrated in the figures must have a particular
orientation.

Although specific reference may be made in this text to the
use of lithographic apparatus in the manufacture of ICs, it
should be understood that the lithographic apparatus
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described herein may have other applications, such as the
manufacture of integrated optical systems, guidance and
detection patterns for magnetic domain memories, flat-panel
displays, liquid-crystal displays (LCDs), thin-film magnetic
heads, etc. The skilled artisan will appreciate that, in the
context of such alternative applications, any use of the terms
“wafer” or “die” herein may be considered as synonymous
with the more general terms “substrate” or “target portion”,
respectively. The substrate referred to herein may be pro-
cessed, before or after exposure, in for example a track (a tool
that typically applies a layer of resist to a substrate and devel-
ops the exposed resist), a metrology tool and/or an inspection
tool. Where applicable, the disclosure herein may be applied
to such and other substrate processing tools. Further, the
substrate may be processed more than once, for example in
order to create a multi-layer IC, so that the term substrate used
herein may also refer to a substrate that already contains
multiple processed layers.

Although specific reference may have been made above to
the use of embodiments of the invention in the context of
optical lithography, it will be appreciated that the invention
may be used in other applications, for example imprint lithog-
raphy, and where the context allows, is not limited to optical
lithography. In imprint lithography a topography in a pattern-
ing device defines the pattern created on a substrate. The
topography of the patterning device may be pressed into a
layer of resist supplied to the substrate whereupon the resist is
cured by applying electromagnetic radiation, heat, pressure
or a combination thereof. The patterning device is moved out
of the resist leaving a pattern in it after the resist is cured.

The term “lens”, where the context allows, may refer to any
one or combination of various types of optical components,
including refractive, reflective, magnetic, electromagnetic
and electrostatic optical components.

The term “EUV radiation” may be considered to encom-
pass electromagnetic radiation having a wavelength within
the range of 5-20 nm, for example within the range of 13-14
nm, or example within the range of' 5-10 nm such as 6.7 nm or
6.8 nm.

While specific embodiments of the invention have been
described above, it will be appreciated that the invention may
be practiced otherwise than as described. For example, the
invention may take the form of a computer program contain-
ing one or more sequences of machine-readable instructions
describing a method as disclosed above, or a data storage
medium (e.g., semiconductor memory, magnetic or optical
disk) having such a computer program stored therein. The
descriptions above are intended to be illustrative, not limiting.
Thus it will be apparent to one skilled in the art that modifi-
cations may be made to the invention as described without
departing from the scope of the claims set out below.

What is claimed is:
1. An actuator comprising:
afirst part and a second part, the first part being configured
to move relative to the second part; and
a labyrinth seal provided between the first part and the
second part, the labyrinth seal being configured to
restrict the flow of gas from a first side of the labyrinth
seal to a second side of the labyrinth seal,
wherein one or more inlets and one or more outlets are pro-
vided within the labyrinth seal, the one or more inlets being
configured to provide gas to a location within the labyrinth
seal and the one or more outlets being configured to remove at
least part of the gas from a location within the labyrinth seal;
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wherein the one or more inlets are located between an
innermost gap and a neighboring gap of the labyrinth
seal, the one or more inlets being located at one end of
the gaps.

2. The actuator of claim 1, wherein the labyrinth seal is

rotationally symmetric.

3. The actuator of claim 1, wherein the labyrinth seal com-
prises a plurality of ridges, gaps being present between adja-
cent ridges that are sufficiently narrow to restrict the flow of
gas.

4. The actuator of claim 3, wherein the gaps are 50 microns
wide or more.

5. The actuator of claim 4, wherein gaps are 150 microns
wide or more.

6. The actuator of claim 5, wherein spaces are present
between ends of ridges of a first part of the labyrinth seal and
an adjacent base of a second part of the labyrinth seal, the
spaces being sufficiently wide that they do not significantly
restrict the flow of gas.

7. The actuator of claim 6, wherein the actuator is config-
ured to allow a tilt to be introduced between the first and
second part of the labyrinth seal, the tilt being accommodated
atleast in part by the spaces between ends of the ridges and the
adjacent base.

8. The actuator of claim 1, wherein a space is provided
between the one or more inlets and the innermost gap, and
between the one or more inlets and the neighboring gap, the
space being configured to provide buffering of the gas deliv-
ered through the one or more inlets.

9. The actuator of claim 1, wherein the one or more outlets
are located between the innermost gap and the neighboring
gap of the labyrinth seal, the one or more outlets being located
at an opposite end of the gaps from the one or more inlets.

10. The actuator of claim 9, wherein a space is provided
between the one or more outlets and the innermost gap, and
between the one or more outlets and the neighboring gap, the
space being configured to provide buffering of the gas passing
to the one or more outlets.

11. The actuator of claim 1, wherein the actuator is a linear
actuator and the labyrinth seal comprises a plurality of linear
ridges, gaps being present between adjacent ridges that are
sufficiently narrow to restrict the flow of gas.

12. The actuator of claim 11, wherein the labyrinth seal
further comprises two surfaces that are not provided with
ridges, a gap being present between the surfaces that is suf-
ficiently narrow to restrict the flow of gas.

13. The actuator of claim 1, wherein the actuator comprises
an articulated arm.

14. A lithographic apparatus comprising:

an illumination system configured to condition a radiation
beam;

a support constructed to support a patterning device, the
patterning device being capable of imparting the radia-
tion beam with a pattern in its cross-section to form a
patterned radiation beam;

a substrate table constructed to hold a substrate;

a substrate handling robot configured to position the sub-
strate, the robot having a actuator with a first part and a
second part, the first part being configured to move rela-
tive to the second part, and a labyrinth seal provided
between the first part and the second part, the labyrinth
seal being configured to restrict the flow of gas from a
first side of the labyrinth seal to a second side of the
labyrinth seal, wherein one or more inlets and one or
more outlets are provided within the labyrinth seal, the
one or more inlets being configured to provide gas to a
location within the labyrinth seal and the one or more
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outlets being configured to remove at least part of the gas
from a location within the labyrinth seal;

wherein the one or more inlets are located between an

innermost gap and a neighboring gap of the labyrinth
seal, the one or more inlets being located at one end of 5
the gaps; and

a projection system configured to project the patterned

radiation beam onto a target portion of the substrate.

15. The lithographic apparatus of claim 14, wherein the
labyrinth seal is electrically isolated from other parts of the 10
lithographic apparatus and is connected to a power supply
configured to electrostatically charge the labyrinth seal.

16. A method of sealing an actuator comprising a first part
and a second part, the first part being configured to move
relative to the second part, using a labyrinth seal, the labyrinth 15
seal being provided between the first part and the second part,
the method comprising;

introducing gas into the labyrinth seal via one or more

inlets located between an innermost gap and a neighbor-
ing gap of the labyrinth seal, the one or more inlets being 20
located at one end of the gaps; and

removing gas from the labyrinth seal via one or more

outlets connected to a location within the labyrinth seal.
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